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Summary
The visual word form area (VWFA) is a ventral stream visual
area that develops expertise for visual reading [1–3]. It is
activated across writing systems and scripts [4, 5] and
encodes letter strings irrespective of case, font, or location
in the visual field [1] with striking anatomical reproducibility
across individuals [6]. In the blind, comparable reading
expertise can be achieved using Braille. This study investi-
gated which area plays the role of the VWFA in the blind.
One would expect this area to be at either parietal or bilateral
occipital cortex, reflecting the tactile nature of the task and
crossmodal plasticity, respectively [7, 8]. However, accord-
ing to the metamodal theory [9], which suggests that brain
areas are responsive to a specific representation or compu-
tation regardless of their input sensory modality, we pre-
dicted recruitment of the left-hemispheric VWFA, identically
to the sighted. Using functional magnetic resonance
imaging, we show that activation during Braille reading in
blind individuals peaks in the VWFA, with striking anatom-
ical consistency within and between blind and sighted.
Furthermore, the VWFA is reading selective when con-
trasted to high-level language and low-level sensory
controls. Thus, we propose that the VWFA is a metamodal
reading area that develops specialization for reading regard-
less of visual experience.
Results
Activation of the Visual Word Form Area during Braille
Words Reading in the Congenitally Blind
In order to investigate whether the visual word form area
(VWFA) is activated while reading words regardless of sensory
modality and visual experience, we used functional magnetic
resonance imaging (fMRI) to image the neural activity in eight
congenitally blind subjects while reading via touch using*Correspondence: amir.amedi@ekmd.huji.ac.ilBraille. Before statistical analysis, standard preprocessing
procedures were performed (see [10] and the Supplemental
Information available online for detailed experimental proce-
dures). For the main contrast of Braille words reading versus
nonsense Braille, data were analyzed on several levels using
various approaches: (1) region of interest (ROI) analysis in
the sighteds’ VWFA, (2) whole-brain group analysis, (3) proba-
bilistic mapping showing the consistent activations across
individuals, and (4) distribution plot of blind and sighted indi-
viduals’ peaks, based on single-subject analysis.
We first looked at the blinds’ pattern of activation in the
VWFA ROI, as reported originally in sighted subjects ([11];
Talairach coordinates [TC] [12] 242, 257, 26). The result
was clear cut: we found a highly significant preference for
Braille words over nonsense Braille stimuli in the canonical
left-hemispheric VWFA (p < 1027, t = 9.270; Figure 1A).
We next investigated whether the VWFA is the main peak of
activation or whether it is just one of many brain areas more
responsive to Braille words than to nonsense Braille. To this
end, we performed a whole-brain analysis of this contrast,
masked by voxels that were significantly activated by Braille
words versus baseline (thus discarding areas showing negli-
gible activation or even deactivation to Braille words but a
larger deactivation to nonsense Braille). We found robust acti-
vation in the entire left ventral occipitotemporal cortex all the
way to V1 (Figure 1B; see [13–15]). Critically, the blind group’s
peak of activation (i.e., the most significant cluster across the
entire brain) was located specifically in the occipitotemporal
sulcus, at coordinates practically identical to those reported
in sighted (Figures 1B and 1C; blind TC238,260,28; sighted
TC 242, 257, 26; the difference between the two groups’
peaks was within 122 functional voxels in all axes). Thus, the
VWFA is the area most selective to reading, independent of
the modality in which words are presented.
Anatomical Selectivity and Reproducibility of the Blinds’
VWFA across Individual Subjects
A key characteristic of the sighteds’ VWFA is its high reproduc-
ibility across individual subjects [6]. Is it also reproducible in
the blind? To answer this, we created a probabilistic map (Fig-
ure 2A) showing the overlap and reproducibility between all
individual blind subjects for the main contrast. The coordi-
nates of the most consistent area across the entire brain,
activated in 100% of our blind subjects, were again virtually
identical to the sighteds’ VWFA peak (blind TC 239, 259,
27; sighted TC 242, 257, 26).
We further explored this reproducibility by plotting all indi-
vidual subjects’ peaks for the main contrast, sampled using
the same criterion reported in the sighted ([16]: the individual
subject peak closest to the group analysis peak). The plot
clearly showed that all individual peaks were very closely
packed around the occipitotemporal sulcus (Figure 2B,
marked in red circles). Interestingly, the variance in the peak
locations among the blind was very small in all three axes
and was similar to that of the sighted, with a trend for even
smaller variance in the blind in the y and z axes (sighted data
from [16]; standard deviation: blind x = 3.4, y = 3.6, z = 3.3;
sighted x = 3.4, y = 5.4, z = 5.8).
Figure 1. Visual Word Form Area Is the Peak of
Braille Words Reading Activation across the
Entire Brain of the Congenitally Blind
(A) The parameter estimates of blind subjects’
activations for Braille words and nonsense Braille
conditions, sampled from sighteds’ visual word
form area (VWFA) region of interest (ROI). During
Braille word epochs, subjects were instructed to
covertly read abstract Braille words. In the
nonsense Braille condition, subjects swept their
reading finger over a surface homogenously
covered by a repeated full six-dot Braille sign
(which is not part of the Braille alphabet) and
were instructed to maintain the same sweep
speed as in reading Braille words. The activation
shows a highly significant preference for Braille
words (p < 1027, t = 9.270). Error bars represent
standard error of the mean.
(B and C) Statistical parametric map calculated
using across-subjects (n = 8) hierarchical random
effects general linear model [49] for the contrast
of Braille words versus nonsense Braille, pre-
sented on an inflated brain (B) and on brain
sections (C). Activation was found in the ‘‘visual’’
ventral stream, with the peak of activation in the
VWFA. We used a statistical threshold criterion
of p < 0.05 corrected for multiple comparisons
across the entire brain (for more details, see
Supplemental Experimental Procedures).
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sighted populations, we plotted together the peaks of all
individuals from both groups (sighted data from [16]; Fig-
ure 2B). The left panel represents all subjects without a group
tag, demonstrating that the groups cannot be distinguished by
simple examination of the peaks’ distribution; the right panel
includes a group tag for each individual. For the purpose of
illustration, we conducted a k-means clustering analysis,
which in our case was designed to partition n = 24 observa-
tions (16 sighted, 8 blind) into k = 2 clusters, so as to minimize
the within-cluster sum of squares [17]. Both clusters show
a mixture of peaks of both blind and sighted individuals
rather than a distinct anatomical cluster for each population
(Figure 2C). To statistically test the contribution of the group
factor to the variance, we conducted a multivariate analysis
of variance (MANOVA) with three dependent variables, one
for each axis [18]. The populations were statistically indistin-
guishable in the y (p > 0.1, F < 3) and z (p > 0.05, F < 3.5)
axes, whereas in the x axis there was a quantitatively small
effect (4 mm difference) that clearly reached significance (p <
0.005, F > 9). Note that the difference between the average
peak (based on the single-subject peaks) of the two groups
was very small (less than 2 functional voxels in all axes;
4 mm in the x and z; 3 mm in the y). Note that both the k-means
and the MANOVA yielded this very small difference between
the blind and sighted individuals’ VWFA locations, in spite of
additional external factors that are likely to increase the vari-
ance between the groups (e.g., the use of different scanners).
Finally, another characteristic of the sighteds’ VWFA is its
anatomical invariance to reading across the left and right
visual fields [11]. In line with this, we found consistent left-lat-
eralized VWFA activation in all blind subjects, even though
they read Braille using different hands (see Table S1).
Functional Selectivity of the VWFA to Braille Reading
Previous studies in the blind showed that the entire visual
cortex, peaking in V1, is taken over by language-relatedsemantic functions [19], e.g., verb generation (VG), a task
that entails understanding a heard noun word and covertly
generating a corresponding verb [20]. Therefore, as a supple-
mental analysis, we studied whether the activation in the
VWFA ROI during Braille reading was significantly larger than
during VG, each relative to its low-level control condition
(nonsense Braille and verb generation control [VGc], respec-
tively). Namely, we tested the interaction between sensory
modality (written versus heard) and cognitive processing
(perceptual versus language-related). The activation for Braille
words versus nonsense Braille was significantly higher than for
VG versus VGc (p < 0.005, t > 2.5; Figure 2D). This suggests that
the VWFA is specific to reading and that its activation during
Braille reading cannot be reduced to modality-independent
general language processing.
Discussion
The VWFA as a Metamodal Area
According to the canonical view, the cortex can be divided into
unimodal areas, which process information from one specific
sensory modality, and higher-order multimodal integration
areas (reviewed in [21]). The metamodal theory of brain func-
tion [9] challenges this view and suggests that all brain regions,
including those commonly considered unimodal (e.g., the
‘‘visual’’ VWFA), are essentially characterized by the represen-
tation or computation that they support or the task that they
perform rather than by their main input sense. Support for
this theory has come from findings showing that an area in
the ventral visual stream, the lateral occipital tactile-visual
area (LOtv), is responsive to objects’ shape regardless of the
input sensory modality and/or visual experience [10, 22–24].
Similarly, the middle occipital gyrus has been shown to be
ametamodal operator for spatial localization [25]. Additionally,
it has been demonstrated that the animate-inanimate organi-
zation of the ventral visual cortex prevails independently of
input modality and visual experience [26]. In the present study,
Figure 2. VWFA Is Reading Selective and Shows
Astonishing Anatomical Consistency within the
Blind Group, and Also between Blind and Sighted
Individuals
(A) Probabilistic map for the contrast of Braille
words versus nonsense Braille (same contrast
as in the group-level analysis in Figure 1), based
on the statistical parametricmaps of all individual
blind subjects independently (p < 0.05 cor-
rected). The map shows the overlapping clusters
across a determined percent of subjects. The
most consistently activated voxels (activated in
100% of blind subjects) are in the VWFA.
(B) Plot of individual peak activations, demon-
strating the spatial reproducibility of the VWFA
in blind (current study) and sighted (data from
[16]) subjects. At left, all subjects’ peaks (both
blind and sighted) are represented by blue
squares. Note the overlap of the two groups of
subjects. At right, there is a group tag (blind or
sighted; red circles and green triangles, respec-
tively) for each individual.
(C) k-means clustering of the 24 individual peaks
into k = 2 clusters. Red and green represent blind
and sighted individuals, respectively; squares
and Xs represent the two resulting clusters;
a black star marks the center of each cluster.
Both clusters contain peaks of both blind and
sighted. This analysis and the multivariate anal-
ysis of variance (see Results; for more details,
see Supplemental Experimental Procedures)
further support the anatomical consistency
between blind and sighted.
(D) Parameter estimates of blind subjects’ activa-
tions for Braille words, nonsense Braille, verb
generation (VG), and verb generation control
(VGc) conditions, sampled from sighteds’ VWFA
ROI. In VG, subjects heard a noun and covertly
generated a corresponding verb. In VGc,
subjects heard noise sounds and performed
a one-back task. Each noise matched a noun
from the VG condition in duration, average ampli-
tude, and temporal envelope by multiplying the
epoch’s spectrum by the noun’s temporal envelope. The interaction contrast of (Braille words 2 nonsense Braille) 2 (verb generation 2 verb generation
control) was highly significant, suggesting that the VWFA in the blind is most selective to reading. Error bars represent standard error of the mean.
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365we put the metamodal theory to a critical test. All of our
subjects were congenitally blind and hence had no visual
experience during development or familiarity with visual
reading. Nevertheless, we showed selective activations to
Braille words at the VWFA ROI (Figure 1A; Figure 2D; the
VWFA was actually the most significant area across the entire
brain; see Figures 1B and 1C), high anatomical reproducibility
of the VWFA within and between blind and sighted subjects
(Figures 2A–2C), and left lateralization regardless of the
reading hand (analogous to the invariance across visual fields).
Thus, the main functional properties of the VWFA as identified
in the sighted are present aswell in the blind and are thus inde-
pendent of the sensory modality of reading, and even more
surprisingly do not require any visual experience. To the best
of our judgment, this provides the strongest support so far
for the metamodal theory. Hence, the VWFA should also be
referred to as the tactile word form area, or more generally
as the (metamodal) word form area.
The metamodality of the VWFA (for simplicity, we maintain
this abbreviation in theDiscussion) fitswith viewsof brain func-
tion that emphasize the predictive coding of sensory input
rather than the sensory featuresof stimuli [27, 28]. For instance,
it has been shown [29] that the activation of the fusiform face
area, an equivalent of the VWFA specialized for faceperception, depends on subjects’ expectations and on the
mismatch between those expectations and the actual sensory
input, but not on whether stimuli actually depict faces or
houses. Similarly, the VWFA might predict the sensory conse-
quences of words. The metamodality of the VWFA can explain
its ability to apply top-down predictions to both visual and
tactile stimuli.
Written-Word Processing Chain along the Ventral
Occipitotemporal Cortex
Next, we discuss the large-scale organization of the ventral oc-
cipitotemporal cortex, integrating the current findings with
previous literature. Braille reading has been shown to involve
an extended strip of visual cortex stretching fromV1 to anterior
higher-order regions, probably reflecting a combination of the
various components of reading [13–15, 30]. For instance,
previous studies focused on the functional relevance of the
occipital pole for single-Braille-letter identification [14] or the
recruitment of V1 for somatosensory processing [13] or
used a task that combined Braille reading with higher-order
language processing [30]. However, this is the first study
testing directly the role of the VWFA for word form processing,
showing that Braille words not only significantly activate the
VWFA but peak in the VWFA.
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[15], focused specifically on the semantic component of
reading by contrasting meaningful words versus meaningless
letter strings in both blind and sighted. The peak of activation
in both groups was anterior to the VWFA by about 2 cm (Bu¨-
chel’s peak TC 236, 240, 220; blinds’ VWFA peak TC 238,
260, 28). Interestingly, previous studies in the sighted have
suggested a visual anterior-posterior word processing chain
along the left ventral occipitotemporal cortex, with preference
for semantics anteriorly and word form posteriorly [31–33].
The combinationof our results and the findings reportedbyBu¨-
chel et al. [15] suggest that at least two distinct areas along this
processing chain are actually metamodal: the posterior
reading-specific VWFA and the anterior associative semantic
areas. This supports the notion that the same anatomical
organization and reading mechanisms are largely shared by
both blind and sighted populations, further supporting the
metamodal theory.
How Does Tactile Information Reach the VWFA,
and How Does VWFA Project Back?
The activation of the VWFA by tactile reading raises two main
questions regarding the routes through which somatosensory
information reaches the VWFA and how the VWFA projects
back to predict or modulate the somatosensory input (see
above). The related connectivity literature in humans is sparse
and not decisive. Previous studies suggest at least three
potential bottom-up pathways:
(1) A thalamocortical pathway, involving rerouting of the
information between thalamic nuclei, as in the blind
mole rat [34].
(2) Corticocortical connections between somatosensory
cortex and V1, as supported by recent primate studies
[7, 35–37]. Some of these connections, which generate
multisensory responses in the ‘‘unisensory’’ primary
sensory cortex, might exist in the normally developed
brain [7, 35] and could be enhanced or unmasked in the
absenceofvisual input, as revealed inblindfoldedsighted
individuals [9, 38]. In the blind, the constant flow of
somatosensory informationmightstrengthensuchcross-
modal connections using Hebbian mechanisms [38].
According to these two bottom-up options, tactile informa-
tion would be relayed in V1 before being processed in the
VWFA. One may speculate that V1 computes simple geomet-
rical features of Braille letters, comparable to its role in pro-
cessing line orientation and edge detection during vision.
This is supported by studies showing causal involvement of
V1 in single-letter identification of Braille signs [14, 38]. From
V1, information might continue to flow in the ventral ‘‘visual’’
stream up to the VWFA.
(3) The third bottom-up option is direct corticocortical
connections between high-order somatosensory areas
and VWFA. If such connections exist, they would be
comparable to the connections reported for metamodal
shape processing between the intraparietal sulcus and
the LOtv [39].
Regarding the backward-predictive or modulatory projec-
tions from the VWFA on the sensory input, there is less relevant
direct evidence, so one can only speculate. However, it is clear
thatsuch top-downbackwardconnectionsareextremely impor-
tant in the primate brain. For instance, there are 10–20 timesmore feedback projections from primary visual cortex to the
lower-level visual thalamus (V1 to lateral geniculate nucleus)
than there are corresponding feed-forward bottom-up connec-
tions [40]. This is true also for higher-order ‘‘visual’’ areas (e.g.,
between V4 and V1 [40]). Feedback projections have also been
demonstrated anatomically between visual areas and somato-
sensory cortex [41]. Similarly, a recent study in humans has
shown bidirectional functional connectivity between LOtv in
the ventral stream and somatosensory areas [39]. It is clear
that additional anatomical and functional connectivity studies,
as well as time-resolved techniques, are needed to establish
which of the above routes and mechanisms actually prevail.
Implications for the Origin of the VWFA
Reading is a recent invention (visual reading was invented
about 5400 years ago, and Braille has been in use for less
than 200 years), so there has not been enough time or selection
pressure for the evolution, in the biological sense, of a dedi-
cated brain module. Thus, reading relies on existing brain
structures and functions. Several hypotheses have been put
forward to account for the inherent biases predisposing the
VWFA to be consistently recruited for reading.
One possibility is that these biases are visual in nature. The
area that eventually harbors the VWFA would originally
perform a specific type of computation particularly suitable
to the encoding of written material. Such computation might
be based on viewpoint-invariant line junctions, shape features
that are particularly useful for reading [42]. Another possible
visual bias includes a preference of the lateral fusiform cortex
for foveal rather than peripheral stimuli [43], because words
are read in the center of the visual field. However, the metamo-
dal nature of the VWFA, demonstrated here, runs counter to
any such purely visual-based hypotheses.
Another possibility is that the VWFA performs a general
language function [44]. However, we found a highly significant
preference for Braille words over VG (relative to their controls;
Figure 2D) in the VWFA in the blind. Furthermore, the tight and
reproducible anatomical localization of the VWFA during
Braille reading (group general linear model, Figures 1B and
1C; probabilistic map, Figure 2A; single subjects’ peaks, Fig-
ure 2B) is in contrast with the widespread activation found
for language-related tasks in the blind’s visual cortex
[20, 38]. This pattern rather suggests a robust and specific
involvement of the VWFA in reading.
A third explanation is that the VWFA binds ‘‘simple features
into more elaborate shape descriptions‘‘ [45] and then links
these descriptions to higher-order stimulus properties such
as their associated sound and meaning. This might be accom-
plished thanks to its particularly direct connection to perisyl-
vian language areas compared to other parts of the ventral
visual stream [46]. This view is the most compatible with our
results after some adaptation to the metamodal framework:
in the case of Braille readers, this function would not be exclu-
sively limited to vision but could also include the tactile
modality. This is in line with the more general claim of the
distributed domain-specific hypothesis [26, 47, 48], according
to which domain-specific organization within a given region is
determined not only by the characteristics of its processing
but also by the spatial pattern of anatomical and functional
connectivity. Such connectivity determines how information
in that region relates to salient information that is computed
elsewhere. In our case, despite the integration of sensory
information from the tactile rather than visual modality, the
functional connectivity of the VWFA to language areas still
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domain (reading). However, the VWFA does not necessarily
extract information from words in a classical bottom-up
manner. An alternative possibility, which also relies on its
connections to both sensory and language areas, is that it
predicts the tactile or visual form of stimuli that have linguistic
content, as described above. Such predictions would benefit
from the proximity of the VWFA to language areas, which
would generate top-down priors on the basis of semantic
knowledge [28].
In conclusion, we propose that the VWFA is a multisensory
integration area that possibly binds simple features into
more elaborate shape descriptions. Its specific anatomical
location and its strong connectivity to language areas enable
it to bridge high-level perceptual word representation and
language-related components of reading. It is therefore the
most suitable region to be taken over during reading acquisi-
tion, even when reading is acquired via touch without prior
visual experience.
Supplemental Information
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